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[1] We carried out a combined geophysical and gas-geochemical survey on an active fault strand along the
North Anatolian Fault (NAF) system in the Gulf of İzmit (eastern Sea of Marmara), providing for the first
time in this area data on the distribution of methane (CH4) and other gases dissolved in the bottom seawater,
as well as the CH4 isotopic composition. Based on high-resolution morphobathymetric data and chirp-sonar
seismic reflection profiles we selected three areas with different tectonic features associated to the NAF
system, where we performed visual and instrumental seafloor inspections, including in situ measurements
of dissolved CH4, and sampling of the bottom water. Starting from background values of 2–10 nM, methane
concentration in the bottom seawater increases abruptly up to 20 nM over the main NAF trace. CH4 concen-
tration peaks up to 120 nM were detected above mounds related probably to gas and fluids expulsion.
Methane is microbial (d13CCH4: 67.3 and 76‰ versus VPDB), and was found mainly associated with
pre-Holocene deposits topped by a 10–20 m thick draping of marine mud. The correlation between tectonic
structures and gas-seepages at the seafloor suggests that the NAF in the Gulf of İzmit could represent a
key site for long-term combined monitoring of fluid exhalations and seismicity to assess their potential as
earthquake precursors.
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1. Introduction
[2] The association between submarine cold seeps
and active fault systems may be identified thanks to
a variety of different diagnostic sedimentary fea-
tures, such as pockmarks, mud volcanoes, carbonate
crusts or patches of reduced material at the seafloor
[e.g., Judd and Hovland, 2007]. Gas seepage gen-
erally results from advective migration processes
mainly driven by underground gas pressure gra-
dients, gas buoyancy and fault-induced rock per-
meability, in turn determined by active tectonics
[e.g., Macgregor, 1993; Etiope and Martinelli,
2002]. It has been suggested that gas migration
and surface gas anomalies can increase substantially
in connection with earthquakes [e.g., Cicerone
et al., 2009; Heinicke et al., 2010]. Consequently,
seismogenic faults may be privileged sites for
observing surface gas anomalies potentially related
to earthquakes [e.g., Yang et al., 2010]. While
interactions between fluids and crustal strain (seismic
and aseismic) have been widely studied on land
[e.g., Muir-Wood and King, 1993; Trique et al.,
1999], the importance of fluids in the dynamics of
submarine faults has been recognized only recently,
partly due to the progress of deep seafloor explora-
tion [e.g., Le Pichon et al., 1992; Henry et al., 2002].
[3] Fluid outflow has been observed widely along
active faults in the submerged portion of the North
Anatolian Fault (NAF) northern strand (Figure 1),
as seeps with large plumes [Géli et al., 2008; Bourry
et al., 2009] or as carbonate crusts, black patches,
and bacterial mats [e.g., Armijo et al., 2005; Zitter
et al., 2008; Géli et al., 2008]. Free gas emissions
in the deep Marmara Basins appear also related to
the occurrence of earthquakes [Tary et al., 2011].
This has been observed, although qualitatively, in
shallower areas such as the İzmit Gulf, along the
NAF segment that ruptured during the 1999 İzmit
earthquake [Kuşçu et al., 2005]. However, studies
addressing the tectonic control of seepage along
active faults and temporal variations of gas releases
in connection with the earthquake cycle are lacking.
[4] Due to its high geohazard potential, the Sea of
Marmara has been identified as a unique natural
laboratory to study relationships between fluids and
seismicity through the EC funded ESONET-NoE
(European Seas Observatory NETwork - Network
of Excellence). Part of this project focused on the
study of the İzmit Gulf, not far from the epicenters
of the 1999 destructive earthquakes of İzmit and
Duzce (Mw 7.4 and 7.2, respectively), which caused
heavy damages and a large number of casualties.
[5] The main reason for focusing on this segment of
the NAF is that the İzmit 1999 earthquake has caused
an increase in tectonic loading that will be probably
dissipated through a large earthquake close to
Istanbul in the next decades [Hubert-Ferrari et al.,
2000; Atakan et al., 2002; Parsons et al., 2000].
[6] This paper reports on a combined geophysical/
gas-geochemical investigation of tectonically active,
seismogenic features in the Gulf of Izmit, along the
submerged part of the NAF system, carried out in the
frame of the MARMARA Demo Mission (DM)
within the ESONET-NoE project [see Géli et al.,
2011]. In this area, gas-charged sediments are wide-
spread, and gas emissions in correspondence to
active seismogenic faults were inferred from acoustic
images [Polonia et al., 2002; Kuşçu et al., 2005;
Gasperini et al., 2009].
[7] We first attempted to estimate the distribution of
gas in the Holocene sediments using a close-spaced
grid of high-resolution seismic data. We carried out
extensive measurements of CH4 dissolved in the
seawater close to the seabed, coupled with visual
inspections and the acquisition of other oceano-
graphic data through amultiparametric towed vehicle
equipped with CH4 sensors. Bottom water samples
were collected for dissolved gas analysis in different
areas in the Gulf of Izmit (Figure 1), in the vicinity
of tectonically driven seepages; moreover, as back-
ground references, we collected water samples far
from known gas seeps (Figure 1).
[8] Our objective was to determine: (1) whether or
not the gas emissions are associated with active
tectonic structures; (2) what is the nature and source
of the gas detected, sampled and analyzed in cor-
respondence with those structures.
2. Structural Setting and Fluid Seepage
2.1. The North Anatolian Fault Below
the Gulf of İzmit (Sea of Marmara)
[9] The NAF is a major continental transform system
that extends E-W across Turkey for over 1600 km
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separating the Anatolian and Eurasian plates. The
right-lateral, almost purely strike-slip tectonic regime
that characterize the NAF over its eastern portion
splays in the Sea of Marmara region into two major
fault branches, about 100 km apart (Figure 1). The
northern branch of the NAF, which accommodates
over 80% of the Anatolia-Eurasia relative motion
[Armijo et al., 2002;Meade et al., 2002], disappears
below the Sea of Marmara close to the epicenter of
the 1999 Izmit earthquake. Prior to 1999, marine
geological data in the Sea of Marmara and in the
Gulf of İzmit were scant, but after the İzmit earth-
quake, geophysical data, including high-resolution
bathymetric maps and seismic reflection profiles,
have been extensively collected as a consequence of
the strong international effort that followed that
disaster. A detailed morphotectonic map of the Gulf
of İzmit (Figure 2), compiled using high-resolution
multibeam echosounder and seismic reflection data
[Polonia et al., 2004], is among those results. It
shows a complex pattern of releasing and restraining
bends along the submerged trace of the NAF,
causing the subsidence of three main basins sepa-
rated by sills (Figure 2). In the İzmit Bay, the prin-
cipal displacement zone of the NAF system forms a
series of steps and ridges, oriented E-W (strike-slip),
NW-SE (trans-tensional) and SW-NE (trans-
pressional). This variety of structures is observed
particularly in the center of the basins, and close to
the Hersek Peninsula, where the deformation zone
appears wider. At the entrance of the İzmit Gulf, the
principal deformation zone converges again in a
single narrow E-W oriented furrow (Figure 3a); as a
rule, deformation zones are wider at the basin cen-
ters and narrower and more focused at their edges.
2.3. Seismicity and Cold Seeps
[10] The İzmit earthquake showed, although ex post,
a strong correlation between a large seismic event
and a sudden increase in fluid and gas emissions
from the seafloor [Kuşçu et al., 2005]. Repeated
seismic reflection surveys in the Gulf of İzmit
Figure 1. The North Anatolian Fault in the Sea of Marmara. Location of water samples are indicated by blue circles
(BG = samples collected to determine background conditions; WS = samples collected over seep areas).
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before and after the 17 August 1999 event revealed
that the intensity of these emissions from the sea-
floor increased significantly after the earthquake
and were still active several years later, although
with decreased intensities [Kuşçu et al., 2005;
Gasperini et al., 2011]. In these cases, gas emis-
sions were detected by analyzing acoustic back-
scatter signals from different systems, including
echo sounders and chirp-sonar profilers, as well as
lower frequency seismic sources. The acoustic waves
used to insonify the seafloor and sub-seafloor, rang-
ing in frequency from few hundreds to tens of kHz,
are scattered by gas bubbles in the water column,
showing typical patterns in the records. Because
these data are collected to image the seafloor (multi
or single-beam echosounders, side-scan sonar sys-
tems) or the shallow sub-seafloor (chirp-sonar or
sub-bottom profiling systems), correlating gas
emissions with active tectonic structures becomes
feasible. On the other hand, high-frequency (1–
10 kHz) acoustic signals used to image the shallow
sub-seafloor are very sensitive to the presence of gas
in the sediments, that hamper the penetration in the
sediments generating characteristic “blind”windows.
[11] We assessed the origin and the main pathways
toward the surface of the gas seeps, and evaluated
whether and where these seafloor emissions are
controlled by tectonic deformations. Subsequently,
the variability of fault-linked seepage and the main
controlling factors should be assessed. This could
be done by repeated surveys or, more effectively,
by using multiparametric seafloor observatories
[Marinaro et al., 2006], able to monitor continuously
different parameters including seismic activity,
changes in gas concentrations in the seawater,
current speed, pH, salinity, temperature, etc., over
relatively long time spans (years). Actually, a
multiparametric seafloor observatory (SN-4) was
deployed in September 2009 and has been opera-
tive until October 2010,l within the MARMARA
DM in the ESONET-NoE project [Gasperini et al.,
2009]. Results of this monitoring will be reported
in another paper.
3. Methods
3.1. Geophysical Survey
[12] To compile a morphotectonic map of the study
area, we used high-resolution multibeam bathymetry
and shallow penetration seismic reflection profiles
collected in the Sea of Marmara during three cruises
onboard of R/V Urania (MARMARA-2001, -2005
and -2009; see cruise reports for more details at
http://www.ismar.cnr.it/products/). Chirp data were
collected using a 15 transducers Benthos Chirp II
system. Processing and interpretation of the data,
including reflectivity analysis and reflector picking
Figure 2. Simplified tectonic map of the İzmit Gulf. Darıca, Karamürsel and Gölcük basins are indicated, as well as
the position of the principal deformation zone associated with the NAF system.
Figure 3. The Darıca Basin in the İzmit Gulf: (a) morphotectonic map with main fault segments and the three work-
ing areas (1, 2 and 3) indicated; (b) thickness of the Holocene deposits; (c) distribution of gas-bearing sediments
(brown shading) from acoustic anomalies observed in chirp sonar profiles; red line indicates the location of chirp-sonar
profile B1–30 shown in Figure 3.
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were carried out using the open-source software
package SeisPrho [Gasperini and Stanghellini,
2009].
3.2. Visual Survey and Gas Detection
[13] We carried out the surveys using the deep-sea
tow MEDUSA (Module for Environmental Deep
UnderSea Applications), a cabled aluminum-frame
module for casts and towed surveys (“flyovers”)
close to the seabed, equipped with modular scientific
payloads [Marinaro et al., 2011]. The instruments
used in the Sea of Marmara included two indepen-
dent methane sensors (the semiconductor METS by
Franatech GmbH, Germany, and the optical HydroC
by CONTROS Systems & Solutions GmbH,
Germany), CTD and transmissometer (Seabird
19plus and Wet labs ECOBBRTD Deep Single
Angle Scattering Meter), oxygen sensor (Optode
3830 Aanderaa), echo sounder (Tritech PA500–6),
video camera and lights (Multi SeaCam 1060 -
Deepsea Power&Light). The CH4 METS sensor
(Sensor 1) was calibrated in lab controlled conditions
for a measuring range of 10–1,000 nM; it was post-
calibrated (after the survey) and corrected taking
into account the oxygen saturation. During the lab
tests, the Sensor 1 did not show any significant drift.
The CH4 HydroC sensor (Sensor 2) was calibrated,
in the same controlled conditions, for a range of
100–100,000 nM; it was not post-calibrated due to
electronic failures, thus its data have been consid-
ered only as relative measures. The concentrations
measured by both sensors were compared with lab-
oratory gas-chromatograph (GC) analyses, as shown
in Table 1; the GC analyses refer to water samples
collected as described in section 3.3 and the
corresponding methane sensor data are within the
range of values shown during the water sampling
events. However, methane sensor data are consid-
ered in semiquantitative terms (especially for
Hydro-C sensor that had a calibration range higher
than most of the observed CH4 concentrations). This
was considered satisfactory because, rather than the
absolute values, we were interested in relative var-
iations of the sensor signals during the horizontal
“flyovers” close to the seabed. The results will show
that Sensors 1 and 2, based on different gas detec-
tion techniques (semiconductor and optical), dis-
played exactly the same relative variations, i.e.,
simultaneous increases or decreases in the readings,
proving their effectiveness in sensing CH4 changes.
The simultaneous CH4 peaks, supported by GC
analyses, were then used as indicators of gas seepage
from the seabed. Detailed descriptions, performances
and successful case histories of similar sensors are
described in Marinaro et al. [2006], Monteiro et al.
[2006], Grunwald et al. [2007], Newman et al.
[2008], and Krabbenhoeft et al. [2010].
[14] During the survey, all data were displayed
onboard by the MEDUSA control unit, which
includes telemetry electronics and a PC for video and
sensor data display. All measurements and visual
recordings were carried out using a single time-base,
to allow for correlations between different parameters
and images, including those relevant to the system
status, such as position and altitude.
3.3. Dissolved Gases
[15] Water samples for dissolved gas analyses were
collected by Nansen bottles vertical casts and by the
MEDUSA equipment. During the MEDUSA sur-
veys, 2 surface and 7 bottom seawater samples were
collected. The bottom samples were taken where the
higher CH4 signals were detected by MEDUSA
sensors by a Tedlar® pipe with sampling inlet fixed
close to the methane sensors and the video camera.
At sites where the methane sensors indicated high
CH4 concentrations, bottom seawater was sampled
using the following procedure: (1) using the pipe
connected with MEDUSA, the bottom water was
pumped onboard; (2) water was flushed through a
gas separation chamber, and the gas cap was sniffed
Table 1. Comparison of Dissolved Methane Concentrations Obtained by MEDUSA Sensors and Laboratory
Analysisa
Site CH4 (nM) by GC
CH4 (nM) by METS
(Sensor 1)
CH4 (nM) by HydroC
(Sensor 2)
Area-1 (October 1) Surface 10 0–5 20–25
Bottom (WS3) 18 14–16 15–23
Area-2 (October 5) Surface nm 11–14 35–40
Bottom (WS5) 23 15–20 20–30
Cast 3 (October 5) Surface 8 0–5 25–30
Bottom (WS6) 73 50–80 80–90
a“WS” refers to the water sample analyzed by GC and reported in Table 2; sensor data refer to the range observed in correspondence with water
sampling; they are not the maximum values recorded (peaks shown in Figure 6); nm: not measured.
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by a portable CH4 sensor (Metrex, Huberg, Italy;
lower detection limit: 1 ppmv) in order to detect
CH4 increase; (3) once increasing CH4 concentra-
tion were detected, the chamber was switched off-
line, and the water samples collected and sealed in
250 ml Pyrex bottles, with a silicon septum held in
place by an aluminum crimp-cap.
[16] Additional water samples were collected on
board of the R/V Yunus S. using Nansen bottles,
both close to the sea bottom in areas characterized
by gas seepage, and in the western part of the Sea of
Marmara, at fixed water depths of 100 and 500 m,
to obtain a rough reference composition of the
dissolved gases. Samples for dissolved gas analyses
were stored in 250 ml glass bottles sealed on board
by silicon/Teflon septa using special pliers. All
samples suitable for both chemical and isotopic
determinations, were collected taking care to pre-
vent atmospheric contamination. Chemical analy-
ses were carried out in the laboratory on the gas
phase extracted after the attainment of equilibrium
(at constant and known temperature) between the
water sample and a known volume of host, high
purity gas (argon), injected inside the sampling
bottle (see for details: Sugisaki and Taki [1987] and
Capasso and Inguaggiato [1998]).
[17] The analytical determination of He, H2, O2, N2,
CO, CH4, CO2 was carried out using a Perkin
Elmer Clarus 500 gas chromatograph equipped
with a double detector (TCD-FID; detection limits
1 ppm/vol), with argon as carrier gas.
[18] Helium isotope analyses were carried out on
gas fractions extracted following the same proce-
dure as for the gas chromatography. The sample
was then purified following standard procedures
[Italiano et al., 2009]. Isotopic analyses of the
purified helium fraction were performed by a static
vacuum mass spectrometer (GVI5400TFT) that
allows the simultaneous detection of 3He and 4He-
ion beams, thereby keeping the 3He/4He error of
measurement very low. Typical uncertainties in the
range of low3He samples are within 5%.
[19] Starting from the gas-chromatographic analy-
ses, the composition of the dissolved gas phase was
calculated taking into account the solubility coeffi-
cient of each gas (Bunsen coefficient “b,” ccgas/
mlwater STP), the volume of gas extracted (cm
3) and
the volume of the water sample, following equation
(1):
GC ¼ Ggc
 
* Vge þ Ggc
 
* bG * VW
  
 VW1 * Vge * Vgi1=100 ð1Þ
where GC is the concentration of the selected gas,
Ggc is its concentration measured by the gas chro-
matograph (vol %), Vge and Vgi represent the
extracted and the introduced gas volumes respec-
tively, while VW is the volume of the analyzed water
sample [see Italiano et al. [2009] for further details).
[20] C1-C6 hydrocarbons, hydrogen (H2) and stable
carbon and hydrogen isotopic composition of CH4
(d13CCH4 and dDCH4) were analyzed by Isotech
Labs Inc. Illinois, USA (Carle AGC 100–400 TCD-
FID GC; precision 2%; 10% at the detection limit;
Finnigan Delta Plus XL mass spectrometer, accuracy
0.1‰); one sample was analyzed for dDCH4 at the
Institute for Marine and Atmospheric Research
Utrecht (CF-IRMS, Finnigan Delta Plus XL).
4. Results
4.1. Neo-tectonic Setting
of the Darıca Basin
[21] The active tectonic features associated with the
NAF in the Darıca Basin are shown in the mor-
phobathymetric map of Figure 3a. The main fault
track of the NAF intersects the Hersek Peninsula at
2931′E (Figure 2). About 4 km east of this feature,
at 2934′E, the fault splays in two branches that
cross the promontory at two different locations. To
the West of the Hersek Peninsula, in the Darıca
Basin, the deformation zone is broad and includes
two different fault strands (Figure 3a); to the north,
it is marked by a series of en-echelon segments
around 1-km long. Displacement at each fault pro-
duces meter-high scarps cutting through the Holocene
sediments. About 1 km to the south, a couple of E-W
oriented strike-slip faults intersect a NE-SW topo-
graphic high that forms at a left-lateral step of the
NAF (Figure 3a). W of the topographic high, the
southernmost strike-slip fault merges to the main
NAF at about 2924′E. From this point to the W,
the NAF principal deformation zone merges into a
single strike-slip segment. Here, deformation appears
to be localized within a relatively narrow zone (few
tens of meters) showing almost pure strike-slip dis-
placement. Toward the Çınarcık Basin to the W,
the NAF parallel the south wall of a deeply eroded
canyon (Figure 3a).
[22] The E-W oriented fault strands accommodate
the strike-slip deformation while NW-SE oriented
structures are mainly trans-tensional. Slip rate esti-
mates show how the NW-SE oriented fault strand
has similar horizontal and vertical slip rates (about
1 mm/yr), while the main E-W fault segment has
Geochemistry
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horizontal slip rate 8 to 9 times larger than vertical
slip rate [Polonia et al., 2004].
[23] Analysis of the high-resolution seismic profiles
in the Darıca Basin reveals the presence of a
transparent upper unit made of marine sediments
deposited after the last post-glacial sea level rise
(Figure 4). The character of the deposits below this
Holocene unit is controlled by the 85 m isobaths,
which corresponds to the Dardanelles sill. During
MIS 3 and the main part of MIS 2 (from 60 to 15 ka
BP), disconnection from the Mediterranean and
Black seas, together with a dry climate resulted in a
regression that transformed the Sea of Marmara
into a brackish lake [Çağatay et al., 2009; Eriş
et al., 2011]. The postglacial freshwater transgres-
sive stage of the Marmara ‘Lake’ occurred between
15 and 13.5 ka B.P., leading to a rise in water level
to 85 m by 13.0 ka BP [Eriş et al., 2011]. During
the initial stage of the Mediterranean ingression, the
water level was at 85 m below its present level,
with the development of shoreface deposits at that
level [Çağatay et al., 2003; Polonia et al., 2004]. In
the Darıca Basin, we observe that below the 85 m
isobaths, the contact between lacustrine and marine
Holocene deposits is conformable, while above this
level it is constituted by a prominent erosional sur-
face (Figure 4). Figure 3b shows the map of the
Holocene deposit thickness, obtained by picking the
reflector corresponding to the base of the Holocene
and subtracting the water depth. The maximum
thickness is located south of the NAF track, where a
dip component of the NAF displaces the hanging
wall by about 10 m.
[24] Analysis of seismic profiles determined the
presence of gas pockets in the sediments. Depending
on the sediment type and the gas concentration, gassy
sediments may manifest as areas of: (1) acoustic
“wipe outs” (very little signal returned as a result of
acoustic attenuation); (2) acoustic turbidities (high
amplitude scattering obscures any stratification); or
(3) enhanced reflectors (amplitude of reflections
from layers of sediment is strengthened) [Judd and
Hovland, 1992; Woodside et al., 1998]. The sedi-
mentary sequence of the Darıca Basin is affected
diffusely by the presence of gas. In the Holocene
marine sequence, large wipe-out “windows” are
visible, marked by a laterally sharp attenuation of
sub-seafloor seismic reflections from the. The trans-
parent sub-horizontal layers contain sealing horizons
or capillary traps of gas in sand layers, that confine
the gas in the subsurface; close to the active fault
strands the gas in the Holocene deposits is less vis-
ible (Figure 4).
Figure 4. Chirp-sonar profile B1–30 crossing the principal displacement zone of the NAF in the Darıca Basin
(see location in Figure 3). We note the upper transparent unit formed by Holocene fine-grained sediment locally
permeated by upwelling gas from the lower lacustrine unit.
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[25] We attempted to map these gas-bearing deposits
using a close-space grid of high resolution seismic
reflection profiles collected during several R/V
Urania cruises. Figure 3c shows the distribution of
observed gas-bearing sediments in the Holocene
deposits of the Darıca Basin. We note a good fit
between thickness of the Holocene deposits and the
presence of gas in the sediments, with the NAF track
separating gas-bearing deposits to the south from
gas-free sediments to the north. This might suggest
an important tectonic control on the Holocene
depocenters and the presence of gas-bearing sedi-
ments along the NAF trace.
4.2. Dissolved Gases and Tectonic Features
[26] Morphobathymetric and seismic reflection data
in the Darıca Basin enabled us to select three areas
(Area-1 to -3 in Figure 3a) with gas seepages, in
connection with tectonic features, have been
investigated.
[27] A diffuse presence of gas seepages was observed
in the Gulf of Izmit by Kuşçu et al. [2005] prior and
after the 1999 Izmit earthquake through the analysis
of seismic reflection profiles. However, this paper
and other marine geological works published in this
area did not report any data on gas geochemistry.
[28] We chose three study locations: (1) Area-1,
western end of the Gulf of İzmit, where the principal
deformation zone is narrow and offsets a marine
canyon; (2) Area-2, a transpressive splay where a
pressure-ridge forms; (3) Area-3, where a cluster of
mounds located at the termination of en-echelon
extensional fault segments emerge from the flat
morphology. In each of these areas, we performed a
MEDUSA survey, for a total of 32 h of video and data
recording. Table 1 compares the CH4 data recorded by
the MEDUSA sensors with gas-chromatographic
analyses. The composition of gas dissolved in sea-
water, as well as the CH4 and He isotopic compo-
sition, are reported in Table 2.
[29] Area-1. Methane concentration in the surface
seawater, analyzed by gas extraction from two
samples collected in Area-1, was around 10 nM
(Table 1), slightly above the theoretical air saturated
seawater level (2 nM at surface seawater tempera-
ture). This is probably due to the diffuse hydrocar-
bon pollution (mainly from intense ship traffic) of
this region. Lower values, up to 5 nMwere recorded
by the CH4 METS sensor (Sensor 1, whose cali-
bration range was however from 10 to 1000 nM).
During the horizontal “flyovers” close to the seabed,
Sensors 1 and 2 displayed exactly the same relative
variations (i.e., simultaneous increasing or decreas-
ing), which suggested real CH4 changes. Close to
Table 2. Molecular and Isotopic Composition of Gas Extracted From Seawater Close to the Seabed From the Study
Area (WS Samples) and From Marmara Seawater Far Away From the Seepage Area, Considered as a Possible “Local”
Background (BG Samples)a
Site
Sample Depth
Sample-Seafloor
Distanceb (m) He O2 N2 CH4 CO2 HS-CH4
c d13CCH4 dDCH4 R/R
d He/Ne
WS1 (area-1) 186; 1.5 2.4E-03 10 1455 39.2 33.6 nm nm nm 0.85 0.78
WS2 (area-1) 158; 1 2.2E-03 30 1505 22.8 38.2 nm nm nm 0.85 0.45
WS3 (area-1) 196; 1.5 9.8E-04 7 1455 17.4 32.9 nm nm nm 1.04 0.31
WS4 (area-1) 165; 1 1.4E-03 19 331 8.3 36.1 nm nm nm 1.05 0.40
WS5 (area-1) 56; 2 1.6E-03 22 338 7.8 33.1 nm nm nm 0.97 0.33
WS6 (area-2) 52; 6 1.0E-03 10 1380 22.8 35.6 0.03 67.3 145 1.16 0.30
WS7 (area-3) 51; 5 48 317 24.5 31.2 0.16 76 109 nm nm
WS8 (area-3) 186; 1.5 59 443 69.9 47.9 nm nm nm nm nm
BG1 100; 1112 50 339 2.2 31.2 nm nm nm nm nm
BG2 500; 612 14 311 2.7 36.1 nm nm nm nm nm
BG3 100; 1098 1.4E-03 45 349 1.8 30.6 nm nm nm 0.99 0.38
BG4 500; 698 26 330 1.9 33.1 nm nm nm nm nm
ASSW 1.8E-03 214 429 2.0 10.7 1.00 0.29
aN2, O2 and CO2 in mM; CH4 in nM. Area-1, 2, 3 samples were collected on 1 and 5 October 2009, based on MEDUSA recordings. Samples for
determining CH4 in non-seepage areas (BG sites; March 2010) were collected both close to the seabed and at shallower depths. Concentrations of
C2-C6 alkanes and H2, not reported, were below the detection limit (see text); ASSW: Air Saturated Seawater, CH4 concentration in equilibrium
with the atmosphere, calculated for actual temperature and atmospheric CH4 concentration.
bD: sample depth; d: sample distance from the seabed.
cmethane concentration (% v/v) in the head-space extracted for isotopic analysis.
dR/Ra = (3He/4He)sample/(
3He/4He)atmosphere; Ra = 1.39  106; nm: not measured; bdl: below detection limits.
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the displaced canyon, at the entrance of the İzmit
Gulf, a rectilinear fracture at the seafloor striking
≈277 was observed by the MEDUSA video camera
(Figure 5). It was interpreted as the easternmost
termination of the surface rupture caused by the
1999 İzmit earthquake [Gasperini et al., 2011]. In
correspondence with this fault zone, 0.5 to 2 m
above the seafloor, peaks of CH4 concentration
were detected by both Sensors 1 and 2 (Figure 6,
top): methane concentrations measured by Sensor 1
increased up to 20 nM. Up to 41 nM were measured
by GC analysis (Table 2). N2 concentrations were
anomalously high, from 3 to 4 times the typical
values of air saturated water. Other seawater para-
meters did not show significant changes: tempera-
ture was around 14.49C, conductivity 4.645 S/m
and oxygen constantly between 25,400 and 26,400
nM, indicating rather constant hypoxic conditions.
Similar O2 concentrations were measured by GC
analysis (Table 2).
[30] Repeated passages over the fault zone with
MEDUSA resulted in a map of methane concentra-
tions close to the seafloor (Figure 7). In this map, that
combines high-resolution morphobathymetry and
CH4 measurements close to the seafloor, “anoma-
lous” concentrations of methane (i.e., >5 nM) are
indicated by a color pattern (in red, the highest
values). We observe that, although some spots of
increased methane emission are present on both
sides of the NAF main strand, maximum con-
centrations are centered on the principal deforma-
tion zone, marked as a narrow valley (Figure 7).
Inside that canyon, displaced by the main track of
the NAF, an offset of some tens of meters between
the inferred fault trace and the maximum methane
concentration is observed. This could be due either
to the effect of bottom currents, which deviated the
gas plume downstream in the canyon, or by non-
coincidence between the maximum seepage flow
and the fault. This latter is a common phenomenon
due to the possible lower permeability of the fault
gauges observed, for example, along the San
Andreas fault in California, where gas seepage
anomalies are located several meters southwest of
the slip zone associated with the 1906 San Francisco
earthquake [King et al., 1996].
Figure 5. Surface rupture possibly related to the 1999 İzmit earthquake observed close to the western end of the
Darıca Basin; (right) multibeam-derived slope map of the seafloor along the NAF trace; (left) photomosaic obtained
by pictures collected by MEDUSA during the survey showing the surface rupture oriented at 277.
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[31] Area-2. A MEDUSA survey was carried out in
Area-2 where the chirp-sonar profiles revealed
acoustic images typical of bubble plumes in the
water column (Figure 8). The maximum values of
CH4 in seawater were measured at the eastern edge
of the pressure-ridge, at its intersection with a
rectilinear strike-slip segment of the NAF. CH4
concentration rose from about 5–10 nM to a peak of
105 nM (Figure 6, middle). In correspondence with
the water sampling, methane sensors indicated
levels of 10–15 nM (Sensor 1) and 20–30 nM
(Sensor 2), compared with a GC analysis of 23 nM.
Figure 6. Horizontal variations of dissolved methane, temperature and oxygen detected close to the seabed
(max. distance 3 m) by MEDUSA tow in the three surveyed areas (see acquisition pathway in the inset of
Figure 9). Note the CH4 peaks in correspondence with tectonic features.
Geochemistry
Geophysics
Geosystems G3 GASPERINI ET AL.: GAS SEEPAGE ALONG THE N. ANATOLIAN FAULT 10.1029/2012GC004190
11 of 19
Isotopic analyses of CH4 dissolved in a deep-water
sample, 6 m from the seabed (Table 2) showed
d13C: 67.3‰ and dD: 145‰, which suggests a
microbial origin. Oxygen concentrations are slightly
higher than those in Area-1, but always in hypoxic
range (<60,000 nM) as indicated by both the
MEDUSA optode sensor and GC analyses (Figure 6
(top) and Table 2). N2 concentrations are anoma-
lously high as in Area-1.
[32] Area-3. Methane concentration in the bottom
waters of Area-3, was generally below 10 nM
(Figure 6, bottom). We performed several passages
over the cluster of mounds located at the edge of a
series of transtensive en-echelon faults in a relatively
wide (some kms) deformation zone (Figure 9). In
correspondence with the two largest mounds, meth-
ane concentration (Sensor 1) rose above 20 nM,
with peaks up to 123 nM (Figures 6 (bottom) and 9).
GC analysis of a water sample in this zone showed a
CH4 concentration of 73 nM, when the sensors
indicated levels from 50 to 90 nM (Table 1). Isoto-
pic analyses of CH4 dissolved in a deep-water
sample collected about 5 m over the seabed showed
d13C:76‰ and dD:109‰ (Table 2). Moreover,
these values suggest a microbial origin for the gas
emissions. Other seawater parameters (temperature,
salinity and dissolved oxygen) did not show
significant changes, if we exclude a slight increase
of these parameters on top of each of the mounds.
Hypoxic conditions were also observed in this area.
[33] Present-day seafloor conditions of the Gulf of
Izmit, outlined by our combined acoustic and gas-
geochemical observation, suggest the prevalence of
diffusive degassing rather than the numerous intense
gas plumes observed by Kuşçu et al. [2005] soon
after the 1999 Izmit earthquake. In agreement with
this, most of the seeps detected by MEDUSA were
not visible in the sonic/ultrasonic profiles collected
across the fault trace during the same cruise, except
for the Area-2 site (Figure 8).
[34] In all the study areas (Area-1, 2 and 3),
hydrocarbon alkanes heavier than methane and
hydrogen were not detected in the gas extracted
from the seawater, considering detection limits of
10 and 40 ppmv, respectively. Samples collected
relatively far from the NAF strike-slip segments
(BG) show methane concentrations consistent with
atmospheric equilibrium (ASSW-Air-Saturated Sea
Water, 2 nM). Oxygen values show significant
hypoxia, with concentrations of 45,000–50,000 nM
at 100 m w.d., decreasing to 14,000–25,000 nM at
500 m w.d., similar to that observed in the seepage
areas. These data are consistent with those of pre-
vious CTD casts [Henry et al., 2007; Gasperini
Figure 7. Seawater methane concentration close to the seafloor detected by MEDUSA Sensor 1 in Area-1. Anom-
alous CH4 concentrations are represented by a color scale. Red values represent relative maxima. Note correlation
between high CH4 concentration and the trace of the NAF morphologically expressed by a narrow valley.
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et al., 2009; Ritt et al., 2010], suggesting that deep
water hypoxia is a widespread condition in the Sea
of Marmara.
5. Discussion
[35] Our observations indicate that in the Darıca
Basin, along the submerged portion of NAF that
ruptured during the 1999 İzmit earthquake, meth-
ane concentration in the bottom seawater increases
approaching the fault strands, both where fractures
are observed at the seafloor, and where the fault is
marked by a morphological scarp buried below
hemipelagic sediments. Water samples collected
above seafloor fractures (Area-1 and -2) and
mounds (Area-3), display anomalous dissolved gas
contents, with CH4, N2 and CO2 concentrations
well above the ASSW.
[36] Chemical analyses carried out on bottom water
from the different areas (Table 2), show the presence
Figure 8. (top) Morphobathymetric map of the Area-2 showing the presence of a pressure-ridge at left-lateral over-
step of the NAF. Location of Sample WS5 is indicated. (bottom) Chirp-sonar profile B3–76 (section A-A′) collected at
the N edge of the pressure ridge showing the presence of gas in the water column and in the sediments. Geochemical
data shown in Figure 6 for this area are also collected along this line.
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of N2, O2, CO2, CH4 which may have different ori-
gins (atmospheric and non-atmospheric). Although
the atmospheric fraction, represented in the ternary
diagram CH4-O2-CO2 (Figure 10) by the oxygen
vertex, is an obvious component of the dissolved
gases, samples collected at depths of 100 and 500 m
(BG1 to 4, Table 2) show CO2 and O2 contents three
times higher and four/ten times lower than the
Figure 9. Morphobathymetric map of Area-3 showing the presence of mounds at the termination of en-echelon fault
segments Seawater methane concentration close to the seafloor detected by MEDUSA Sensor 1 are represented by a
color scale. The density of data acquisition is reported in the inset “a.”
Figure 10. CH4-O2-CO2 diagram. The triangular plot shows relative distribution of dissolved gas species for the col-
lected samples. Samples from the Izmit Gulf (black filled circles) show that CO2 and CH4 addition to a typical ASSW
(Air-Saturated Sea Water; gray star mark) may account for the detected gas composition. Reference samples for sea-
water far from the seepage areas (black crosses) show a low oxygen and the high CO2 contents at the depth of 100 and
500 m. The occurrence of GWI (Gas-Water Interaction) processes may account for CO2 loss (dissolution in seawater)
from a probable deep-originated degassing. Samples labels as in Table 2.
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ASSW, respectively. The triangular CH4-O2-CO2
diagram of Figure 10 displays the relative con-
centrations of all samples. The background samples
(BG) are clearly separated from samples collected
over the gas seepage areas (1, 2 and 3), with a sig-
nificant decrease in the O2 content (<60,000 nM).
This denotes a hypoxic condition for the Sea of
Marmara poorly documented to date [Henry et al.,
2007; Ritt et al., 2010].
[37] Geochemical features of the dissolved gases
collected over the three investigated areas are
interpreted as the result of several gas/water inter-
action processes (Gas-Water Interaction-GWI). CH4
shows a clear microbial origin as in the nearby
Çınarcık basin [Bourry et al., 2009]. The isotopic
ratio of hydrogen (dDCH4) is relatively high, up to
109‰ VSMOW, in comparison with that typi-
cally reported for microbial gas. This could be due
to methane oxidation, to be verified by further
analyses.
[38] Comparing results obtained from the three
areas, we observe that Area-1 and 2 show the same
anomaly pattern, well correlated with tectonic
structures, while Area-3, characterized by a more
intense gas seepage and by the presence of fluid/
sediment expulsion features (mounds), shows scat-
tered (although relatively high) gas anomalies.
[39] The peculiar stratigraphy of the Gulf of Izmit
basins suggests that the microbial CH4 comes
probably from pre-Holocene marine and lacustrine
sediments accumulated below the 85 m isobaths,
that represent the shoreface deposits of the earliest
Holocene marine ingression [Çağatay et al., 2003;
Polonia et al., 2004]. The clearest occurrence of
gas in the sediments is found deeper than that
shoreline deposits (Figure 3c). Below this strati-
graphic level, we observe conformable marine
deposits over lacustrine sediments, apparently not
affected by subaerial erosion. From point to point,
driven by fault ruptures that reach up to the seafloor
in correspondence with the NAF principal dis-
placement zone, buoyant gas appears to migrate to
shallower level within the Holocene marine mud
(Figure 4), which generally contains only a fraction
of the gas present in the lacustrine deposits [Peters
et al., 2004].
[40] The excess of N2 in samples with high CH4
content (Table 2), could derive either from denitri-
fication related to pollutants present in the seawater,
or from the presence of methanotrophic bacteria
[Dekas et al., 2009]. The high CO2 content of those
waters (up to 46,000 nM, four times above the
ASSW and higher than the average of background
samples), suggests the possible presence of an
additional gas source. Figure 10 shows the relative
abundances of CH4 and CO2 and the distribution of
our samples relative to a typical ASSW. Arrows in
Figure 10 highlight the gas-water interactions phe-
nomena, suggesting that a CO2-dominated gas
phase is released in addition to CH4. The presence
of endogenous CO2, although not proved by our
data, would agree with the CO2-dominated compo-
sition of the gases released along the NAF onshore
and with what was observed in cold and thermal
springs on both the Northern and Southern strands
of the NAF in the nearby Armutlu Peninsula
[Eisenlohr, 1997; Balderer et al., 2002; de Leeuw
et al., 2010] and in the Gaziköy-Saros segment
[Doğan et al., 2009]. As observed by Doğan et al.
[2009] along four transects across the NAF on the
western (Izmit) and eastern (Gaziköy-Saros) sides
of theMarmara Basin, CO2 is degassed from the soil
and dissolves in the water with an isotopic signature
not correlated with the CO2 efflux values, suggest-
ing that the CO2 efflux anomaly is caused by a
biogenic gas flow, possibly controlled by the tec-
tonic deformations.
[41] Helium isotopic ratios in the Marmara basin
display crustal values to the East, and magmatic
ratios to the West [Doğan et al., 2009], confirming
that the fault plays an important role in transferring
deep-origin gas to the surface.
[42] The isotopic composition of helium dissolved
in the background (BG3) denotes an atmospheric
origin, also confirmed by the He concentration,
although the measured 4He/20Ne ratio (0.38) is
above the ASSW value of 0.285 [Mamyrin and
Tolstikhin, 1984]. Conversely, 4He/20Ne ratios
higher than the ASSW are detected in samples from
the seepage areas (WS1, WS2, Table 2); they show
a helium content 30% above the BG and a slight 4He
contribution, that drops the atmospheric 3He/4He
ratio to 0.78–0.85Ra (Table 2).
[43] On the R/Ra versus 4He/20Ne graph (Figure 11)
our seafloor samples are plotted together with
onshore data and theoretical mixing lines between
atmospheric and mantle/crustal components. The
mixing lines are built assuming the atmospheric
component (as ASSW) marked by 3He/4He =
1.39  106 and 4He/20Ne = 0.285, the crustal-type
component with 0.02Ra and 0.5Ra with 4He/20Ne =
1000 [Sano and Wakita, 1985] and mantle-type
components as MORB-type mantle with 8Ra and
4He/20Ne = 1000 [e.g., Hilton et al., 1998] and a
possible mantle “contaminated” by crustal products
assumed to have 3He/4He in the range of 2.5Ra and
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4He/20Ne = 500. The plot of our samples shows the
presence of a crustal component (4He enrichment)
for WS1 and WS2, in agreement with data from
spring samples collected close the Izmit-Sapanca
fault to the East (Armutlu Peninsula, Izmit area,
Istanbul area), and the Gazikoy-Saros fault to the
West [Eisenlohr, 1997; Doğan et al., 2009]. This
sample distribution is interpreted as a binary mixing
of atmospheric source and helium from the same
crustal component feeding the in-land manifesta-
tions [Eisenlohr, 1997; Doğan et al., 2009].
[44] As reported by Doğan et al. [2009], helium
isotopic ratios exhibit changes probably related to
the 1999 Izmit earthquake, and increased CO2
effluxes are detected in coincidence of the NAF
across the Izmit Gulf. A similar degassing activity
might occur beneath the sedimentary layers of the
Marmara seabed, where methane is produced.
Mantle-derived helium has recently been detected in
the hydrocarbon seeps of western Sea of Marmara
[Burnard et al., 2012], confirming the deep-crustal
and gas bearing nature of the NAF in this region.
[45] Due to the high CO2 solubility in seawater
(3.5 g LH2O
1 STP), three orders of magnitude larger
than CH4 (22.7  103 g LH2O1 STP [Weiss, 1974]),
the former is mostly lost during its ascent through
seawater-saturated sediments and close to the sea-
bed. However, as the vertical permeability changes
in response to lithospheric stresses during a major
earthquake, changes in both the flow regime and gas
composition could take place, and possibly detected
at the seafloor. Accumulation of tectonic stress on
the active segment of the NAF below the Sea of
Marmara might change the shallow versus deep
ratio of the released fluids, as observed in other sites
in different geodynamic settings [e.g., Italiano et
al., 2004].
6. Conclusions
[46] Multidisciplinary geophysical/gas-geochemical
survey of the Darıca Basin, in the Gulf of İzmit
(Eastern Sea of Marmara), close to the western ter-
mination of the surface rupture generated by the 1999
Figure 11. 3He/4He vs 4He/20Ne ratios. The empty circles mark the collected samples. Sample identification by
numbers (as in Table 2 without WS). As expected, the measured isotopic ratios fall close the ASSW typical signature.
Values recorded on samples from the nearby land used as reference (empty diamonds, triangles and squared symbols
from Eisenlohr [1997] and Doğan et al. [2009]) show that the two dissolved gases (samples WS1 and WS2) marked
by 4He enrichment and higher 4He/20Ne ratios relative to ASSW, can be considered as a mixture of different sources
(air and crustal-derived). 3He/4He ratios are expressed as R/Ra notation where R is the sample helium isotopic ratio
and Ra is the atmospheric 3He/4He = 1.39  106. Labels for in-land samples, gray triangle mark (data after
Eisenlohr [1997]): OI = Orhangazi Ilipinar; GS = Sogucak; A1/2 = Armutlu area; GK Gemlik. Black squared
mark = samples from the area of Ganos fault (data after Doğan et al. [2009]); Grey crosses marks (data after
Doğan et al. [2009]): samples from Istanbul and Armutlu areas.
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İzmit earthquake, verified a correlation between tec-
tonic structures and gas-seepages at the seafloor.
Data analysis suggests that: gas-bearing sediments
are common in the Gulf of İzmit, particularly below
the 85 m isobaths; tectonic deformations control
the distribution of gas in the sediments by confining
gas pockets, or by creating preferential gas-escape
pathways; for this reason, the seepage of gas from
the subsurface is almost invariably connected to the
presence of tectonic structures, being the relatively
thick carpet of Holocene deposits an effective seal-
ing cap; a strong correlation links tectonic structures
and methane concentration in bottom seawater,
with anomalies up to 2 orders of magnitude above
background (>100 nM); over the same structures,
geochemical features of dissolved gas in the bottom
waters suggest the release of a gas phase composed
by locally produced microbial CH4 and a possible
crustal CO2 contribution, which has been observed
along the onshore section of the NAF.
[47] These observations indicate that combining
geologic and geochemical/oceanographic studies
could improve our knowledge on the tectonic
activity of the NAF; moreover, they suggest that
tectonic-related gas seeps, particularly active during
large earthquakes (e.g., the 1999 Mw 7.4 Izmit
earthquake) are persistent, although probably
weaker, for long times (up to tens of years) after the
events. For this reason, and because these features
appear confined along the principal displacement
zone of the NAF, locally very narrow, they are
considered interesting sites for long-term monitor-
ing of fluid exhalations as earthquake precursor
signals.
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